. In addition to mortality associated with suicide, depressed patients are more likely to develop coronary artery disease and type 2 diabetes 3 . Depression also complicates the prognosis of a host of other chronic medical conditions 4, 5 . The chronic, festering nature of depression contributes substantially to the global burden of disease and disability.
Despite the prevalence of depression and its considerable impact, knowledge about its pathophysiology is rudimentary compared with knowledge of other common chronic and potentially fatal multi factorial conditions, such as type 2 diabetes (Table 1 ). There are several explanations for this discrepancy. First and foremost, observing pathological changes within the brain remains markedly more difficult than for all other organs. Available techniques to document the aberrant function of brain circuits depend on either post-mortem studies, which have numerous limitations, or neuroimaging techniques, which rely on detecting changes in neuronal activity by using indirect markers of activation 6 . Although these approaches have provided important insights into candidate brain regions, simple increases or decreases in regional brain activity are probably insufficient to explain the complex array of symptoms caused by depression. Several animal models have also informed knowledge of the neural circuitry of depression, but there are important challenges to how information gained from these models should be interpreted (Box 1).
Second, most depression occurs idiopathically, and the limited understanding of its aetiology is reflected as a list of risk factors, such as stressful life events, endocrine abnormalities (hypothyroidism and hypercortisol ism), cancers (such as pancreatic adenocarcinoma and breast tumours) and side effects of drugs (for example, isotretinoin for acne, and interferon-α for hepatitis C), among many others 2, 4, 7 . Genetic association studies have not uncovered strong and consistent genetic risk modifiers 8 , perhaps because of the sheer heterogeneity of depressive syndromes 2, 9 . Thus, genuine 'depression genes' , which can be used to generate disease models in mice (for example, those for Rett syndrome or familial Alzheimer's disease), have not yet been identified. Genetic predispositions are thought to interact with environmental risk factors, such as stressful life events, which can initiate depressive episodes in some patients 10 . Still, the tendency to live in high-stress environments might also be partly heritable (as is the case for 'risk or sensation seekers') 11 , emphasizing the strong genetic contribution to even 'environmentally precipitated' depressive episodes.
The official diagnosis of depression is subjective and rests on the documentation of a certain number of symptoms that significantly impair functioning for a certain duration 2 . These diagnostic criteria overlap with other conditions such as anxiety disorders, which have substantial co-morbidity with depression 12, 13 . Therefore, two 'depressed' patients might have only one symptom in common 7 , and a manic episode in one patient -even later in life -switches the diagnosis to bipolar disorder, which is presumably a distinct pathophysiological entity. This symptom-based diagnostic approach poses obvious obstacles to the interpretation of genome-wide association studies, as well as neuroimaging and post-mortem investigations.
In this Review, we summarize the current state of knowledge of the neural and molecular mechanisms of depression. We focus on key leading hypotheses in the field, and examine their strengths and weaknesses critically in the light of recent preclinical and translational studies. We also highlight new insights that promise to extend the understanding of depression and improve its treatment.
Neural circuitry of depression
Several brain regions and circuits regulate emotion, reward and executive function, and dysfunctional changes within these highly interconnected 'limbic' regions have been implicated in depression and anti depressant action 14 ( Fig. 1) . A large body of post-mortem 7,15 and neuro imaging 7, 16 studies of depressed patients have reported reductions in grey-matter volume and glial density in the prefrontal cortex and the hippocampus, regions thought to mediate the cognitive aspects of depression, such as feelings of worthlessness and guilt. However, the published findings are not consistent and are often complicated by comorbid diagnoses and medication history, and there has been limited success in demonstrating any clear cause-effect relationships of these pathological changes.
In contrast to structural studies, experiments assessing brain function, such as functional magnetic resonance imaging (fMRI) or positronemission tomography (PET), show that activity within the amygdala and subgenual cingulate cortex (Cg25, a subregion of prefrontal cortex) is strongly correlated with dysphoric emotions: indices of neuronal activity within these regions are increased by transient sadness in healthy volunteers and are chronically increased in depressed individuals, reverting to normal levels with successful treatment 7, 13 . Inspired by these findings, it was shown that deep brain stimulation applied to the white matter tracts surrounding Cg25 produced a sustained remission of depressive symptoms in a small cohort of treatment-resistant patients (patients who failed to respond to several standard treatments) 17 . Deep brain stim ulation, achieved through the stereotactic surgical placement of stim ulating electrodes, has also provided an acute ameliorative effect on clinical ratings when applied to the nucleus accumbens (NAc) 18 , a striatal subregion that is important for reward and for hedonic deficits in depression 19 . These forebrain networks are significantly modulated by monoamine projections from midbrain and brainstem nuclei (dopamine from the ventral tegmental area (VTA), serotonin from the dorsal raphe located in the periaqueductal grey area, and noradrenaline from the locus coeruleus). In addition to controlling alertness and awareness, these neurotransmitters modulate the salience of emotional stimuli. More recent studies have investigated the role of specific hypothalamic nuclei in mediating the neurovegetative signs of depression. However, we add a note of caution: although depressive symptoms are probably mediated by dysfunction in a diffuse series of neural networks, the field has often used a simplistic 'localization of function' approach to examine limbic substrates (for example, amygdala ≈ 'fear and anxiety' , NAc ≈ 'reward'). Such artificial distinctions are of limited heuristic value and reflect limitations in the ability of current technologies to understand systems-level dysfunction.
The role of monoamines
The 'monoamine hypothesis' of depression, which posits that depression is caused by decreased monoamine function in the brain, originated from early clinical observations 14, 20 . Two structurally unrelated compounds developed for non-psychiatric conditions, namely iproniazid and imipramine, had potent antidepressant effects in humans and were later shown to enhance central serotonin or noradrenaline transmission. Reserpine, an old antihypertensive agent that depletes mono amine stores, produced depressive symptoms in a subset of patients. Today's antidepressant agents offer a better therapeutic index and lower rates of side effects for most patients, but they are still designed to increase monoamine transmission acutely 14 , either by inhibiting neuronal reuptake (for example, selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine) or by inhibiting degradation (for example, mono amine oxidase inhibitors such as tranylcypromine). Although these mono amine-based agents are potent antidepressants 21 , and alterations in central monoamine function might contribute marginally to genetic vulnerability 8, 22 , the cause of depression is far from being a simple deficiency of central monoamines. Monoamine oxidase inhibitors and SSRIs produce immediate increases in monoamine transmission, whereas their mood-enhancing properties require weeks of treatment. Conversely, experimental depletion of monoamines can produce a mild reduction in mood in unmedicated depressed patients, but such manipulations do not alter mood in healthy controls 23 . Moreover, studies with rodent stress models have shown that enhancements in dopamine and noradrenaline transmission can have maladaptive roles in stress-related disorders by strengthening memories of aversive life events 24, 25 . It is now thought that acute increases in the amount of synaptic monoamines induced by antidepressants produce secondary neuro plastic changes that are on a longer timescale and involve transcriptional and translational changes that mediate molecular and cellular plasticity 2, 20 . As one example, the serotonin 5-HT 1B receptor interacts with a calciumbinding protein named p11, which was upregulated in cerebral cortex on chronic treatment with SSRIs and was also found to be downregulated in post-mortem cingulate cortex samples from depressed individuals 26 . The brain-specific transgenic overexpression of p11 produced an antidepressant phenotype, implicating this SSRI-mediated upregulation of p11 as an important mechanism downstream of serotonin receptor activation. Chronically administered antidepressants have also been shown to Alterations in neurotrophic signalling?
Abnormal hippocampal neurogenesis?
Deficits in brain reward processing?
Abnormal cognitive styles (negative thinking)?
Obesity, sedentariness and genetic predisposition promote peripheral insulin resistance leading to pancreatic β-cell hyperplasia β-Cell dysfunction and failure ensues, leading to impaired glucose tolerance
End-organ damage (nephropathy, neuropathy and angiopathy) occurs secondarily to hyperglycaemia, excessive protein glycation and aberrant intracellular signalling GLP1, glucagon-like peptide 1; HbA1C, haemoglobin A1 C; HPA, hypothalamic-pituitary-adrenal axis; KCNJ11, potassium inwardly rectifying channel J11 gene; NRIs, selective noradrenaline reuptake inhibitors; PPARG, peroxisome-proliferator-activated receptor-γ gene; SNRI, serotonin-noradrenaline reuptake inhibitor; TCF7L2, transcription factor 7 like 2 gene.
upregulate the transcription factor CREB (cyclic-AMP-responseelement-binding protein), which is downstream of several serotonin and other stimulatory G-protein-coupled receptors, in the hippocampus; this effect has been validated in human post-mortem tissue and directly linked to antidepressant-like responses in animal models 2, 20 . By contrast, stress activation of CREB in NAc triggers depression-like responses, which underscores crucial region-specific actions of neurotransmitters and their downstream effectors that have not been incorporated into simplistic deficiency models 19 . Monoamine-based antidepressants remain the first line of therapy for depression, but their long therapeutic delays and low (about 30%) remission rates 21 have encouraged the search for more effective agents 14, 27 . The serotonin receptors involved in the action of SSRIs remain unknown, although selective agonists of the serotonin 5-HT 4 receptor produce rapid antidepressant effects in rodents (three to four days) 28 . Experiments on mice deficient in P-glycoprotein, a molecule in the blood-brain barrier that transports numerous drugs back into the bloodstream, have shown that several antidepressant agents, including the SSRI citalopram, are substrates for P-glycoprotein. Human polymorphisms in the gene encoding P-glycoprotein significantly alter antidepressant efficacy in depressed individuals 29 , suggesting the value of such a pharmacogenetic approach when selecting antidepressant agents 30 .
Neurotrophins and neurogenesis
Volumetric decreases observed in the hippocampus and other forebrain regions in subsets of depressed patients have supported a popular hypothesis for depression involving decrements in neurotrophic factors -neuro developmentally expressed growth factors that also regulate plasticity within adult brain 31, 32 . These studies have focused
Animal models of depression are evaluated for their aetiological validity: to be valid, depression-like behaviours need to be caused by the same aetiologies that trigger human depression. This is a challenging requirement, given the absence of definitive aetiologies for human depression. Current models gauge an animal's 'depressionrelated' responses to acute or chronic inescapable stress. These include the forced-swim test 35, 53, 73 , which quantifies immobility in a water bath (proposed to be analogous to 'behavioural despair' observed in depression; see box figure, left). Other assays include measuring social interaction (decreases in which may model social withdrawal of depression-related conditions) 25, 39, 79, 95 , the learned-helplessness test (which measures the development of passive responses to inescapable foot shock) 84 , and intracranial self-stimulation, an operant measure of the effort that an animal expends to stimulate brain reward circuits electrically 14, 23 . Several of these show pharmacological validity -that is, they are sensitive to acutely administered known antidepressant compounds 14, 99 -which permits the rapid screening of potentially new therapeutic agents. However, because more than half of all depressed individuals do not respond fully to available antidepressants 21 , the requirement for pharmacological validity is a circular argument that deserves reconsideration. Models that use an acute stress (for example, forced swimming) are better thought of as 'tests' of coping behaviour, and are limited in their ability to recapitulate a long-lived multidimensional syndrome such as depression. Efforts to create the latter are almost entirely limited to chronic stress models such as chronic social defeat or chronic mild stress, which are more technically challenging but show unique sensitivity to chronic and not acute antidepressant administration, comparable to the therapeutic delay of 4-6 weeks that is required for all available antidepressant drugs to treat depression in humans 2 . Animal models also have face validity, in which certain behavioural changes brought about by stress or genetic manipulation superficially resemble depressive symptoms. For instance, an animal's decreased sucrose intake after chronic stress is thought to model anhedonia 25 . These tests have been applied to the study of the molecular neurobiology of depression in three main ways. The most popular approach documents neuroplastic changes in brain regions after chronic stress and has revealed a role for structural, transcriptional and epigenetic changes in several brain regions (for example, those shown in Figs 1-3 ). These models can also be used to examine the behavioural effects of region-specific genetic manipulation, achieved through targeted genetic mutations in mice or virus-mediated gene transfer. The selective breeding of extreme populations within outbred rodents has also been used to generate stress-vulnerable or stressresistant inbred strains (not shown) 17 . This approach is particularly valuable for quantitative trait locus (QTL) analyses, as well as for dissecting epigenetic contributions to responsiveness to stress 25 . These behavioural assays can also be used to study biological mechanisms that underlie phenotypic variations in stress responses. For example, susceptibility to social defeat is mediated by increases in the electrical activity of dopamine-producing neurons in the ventral tegmental area (VTA) 25 , whereas resistance to learned helplessness is mediated by induction of the gene encoding the transcription factor ΔFOSB in the periaqueductal grey (PAG) area 84 (see box figure, right). In these ways, preclinical models of depression have provided important insights into the pathophysiology of depression. largely on the role of brain-derived neurotrophic factor (BDNF), which is expressed abundantly in adult limbic structures. Support for this 'BDNF hypothesis' has come from a large preclinical literature showing that several forms of stress reduce BDNF-mediated signalling in the hippocampus, whereas chronic treatment with antidepressants increases BDNF-mediated signalling 2, 31 . Similar changes have been observed in the post-mortem hippo campus of humans with depression 33 , as well as in the concentrations of serum BDNF, the source of which remains controversial 31 . More causal evidence for the antidepressant action of BDNF has come from experiments in rodents in which antidepressant effects were observed on direct infusion of BDNF into the hippocampus 34 and were blocked on the conditional or inducible knockout of the gene encoding BDNF from forebrain regions 32, 35 . However, more recent findings have necessitated a revision of this hypothesis. First, a substantial number of preclinical studies either have failed to show these patterns of changes induced by stress and by antidepressants, or have shown the opposite effects 36, 37 . Second, male mice with conditional forebrain deletions of BDNF or its receptor do not show depression-like behaviour 35, 38 . Third, in other regions -for example the VTA and NAc -BDNF exerts a potent pro-depressant effect: chronic stress increases the amount of BDNF within the NAc 39 , and the direct infusion of BDNF into the VTA-NAc increases depression-related behaviours 25, 40 , whereas a selective knockout of the gene encoding BDNF from this circuit has antidepressant-like effects 39 . Finally, a single-nucleotide polymorphism (G196A; Val 66 → Met 66) in the gene encoding BDNF, which significantly impairs the intracellular trafficking and activity-dependent release of BDNF 41, 42 and decreases hippocampal volume 41, 43 , does not alter genetic vulnerability to depression 8, 44 (Fig. 2 ). In addition, recent studies suggest complex interactions between the BDNF G196A polymorphism, a polymorphism in the serotonin transporter gene, and stressful life events [45] [46] [47] . Taken together, these results suggest that the current formulation of the BDNF hypothesis is too simplistic; BDNF-mediated signalling is involved in neuroplastic responses to stress and antidepressants, but these effects are both regionspecific 19 and antidepressant-specific 31 and function in the background of other potent genetic and environmental modifiers.
Box 1 | Preclinical models
A marked cellular effect of several, but not all, antidepressant treatments is the induction of adult hippocampal neurogenesis -the process by which neural progenitors of the hippocampal subgranular zone (SGZ) divide mitotically to form new neurons that differentiate and int egrate into the dentate gyrus 20, 48 . Blockade of hippocampal neurogenesis inhibits the therapeutic-like effects of most antidepressant treatments in rodent models 48 . Moreover, treatment with antidepressants, possibly through the actions of CREB or other transcriptional . e, Peripherally released metabolic hormones in addition to cortisol, such as ghrelin 95 and leptin 96 , produce mood-related changes through their effects on the hypothalamus (HYP) and several limbic regions (for example, the hippocampus, VTA and NAc). DR, dorsal raphe; LC, locus coeruleus; PFC, prefrontal cortex. regulators 2, 20 , increases the amounts of several growth factors in the hippocampus that influence neurogenesis. These include BDNF (which promotes neuronal survival 49 ), as well as vascular endothelial growth factor (VEGF) and VGF, which themselves have antidepressant and pro-neurogenic properties in rodents [50] [51] [52] . The mechanisms by which new neurons might restore mood are largely unknown. Activity-dependent increases in neurogenesis might increase activity propagation through hippocampal subfields 53 and allow hippocampal networks to adapt and learn new experiences 54 . Indeed, this raises the possibility that the presence of intact neurogenesis during stressful episodes mediates maladaptive learning and thus promotes depressive sequelae. Whereas several types of stress reduce SGZ cell proliferation, decreased neurogenesis does not itself produce depression 48, 55 : rodents in which hippocampal neurogenesis has been ablated (through either irradiation 55, 56 or genetic techniques 57 ) do not show anxiety-related or depression-related behaviours.
Collectively, these studies highlight the weaknesses of attempts to generate a 'unified theory' of depression. Mechanisms that promote depressive symptoms in response to stress differ markedly between different neural circuits and can also be distinct from changes that underlie depression in the absence of external stress ('endogenous depression'). In addition, neuroplastic events that are required for antidepressant efficacy need not function through the reversal of stress-induced plasticity 2 , and might function through separate and parallel circuits.
Neuroendocrine and neuroimmune interactions
Early clinical studies identifying reproducible but small increases in serum glucocorticoid concentrations in depression 58, 59 fuelled significant interest in the role of a dysfunctional hypothalamic-pituitaryadrenal axis in the pathophysiology of depression. Physical or psychological stress increases serum glucocorticoid concentrations, and some depression-like symptoms can be produced in rodents by chronic administration of glucocorticoids 60 . Excess glucocorticoids, through the activation of glucocorticoid receptors, can reduce SGZ proliferation rates and produce atrophic changes in hippocampal subregions 61 . This could contribute to the hippocampal volume reductions seen in depression. Patients with Cushing's syndrome, who have extremely high concentrations of circulating cortisol, also show depressive features and atrophic changes in the hippocampus 2, 61 . Several metabolic abnormalities that are often associated with depression, such as insulin resistance and abdominal obesity, can be at least partly explained by an increase in glucocorticoids 4, 62 . Hypercortisolaemia in depression is manifested at several levels, including impaired glucocorticoid-receptor-mediated negative feedback 62 , adrenal hyper-responsiveness to circulating adrenocorticotropic hormone (ACTH) 58 and hyper secretion of cortico tropinreleasing factor 63 , the hypothalamic activator of ACTH release from the pituitary 2, 64 . In line with these findings, glucocorticoid and corticotropin-releasing factor receptor antagonists are currently being tested in clinical trials 25 , but these mice show more anxiety-like behaviour 41 and greater resilience to behavioural and molecular changes after social defeat 25 , implicating this BDNF polymorphism in the pathophysiology of psychological disorders that are influenced by stressful life events.
More recent studies suggest that hypercortisolaemia is almost exclusively a feature of very severe depressive episodes, such as are observed in an in-patient setting 65 or accompanied by psychotic symptoms (for example, hallucinations and delusions) 2, 9 in which glucocorticoid antagonists show some therapeutic efficacy 66 . By contrast, atypical depression, a subtype characterized by hyperphagia and hypersomnia, seems to be associated with hypocortisolaemia 65, 67 , a phenomenon that is also observed in certain associated conditions such as fibromyalgia, chronic fatigue syndrome and post-traumatic stress disorder 68 . The origins of such distinct glucocorticoid profiles might reflect the evolutionary trade-off between the catabolic and immunosuppressant effects of glucocorticoids: whereas high serum concentrations of glucocorticoids promote the mobilization of energy resources during stressful experiences, low glucocorticoid states allow an unobstructed immune system to combat infection or physical injury sustained during adverse encounters in the wild 59 . Cytokines, which are humoral mediators of innate and adaptive immunity, are also important modulators of mood. Cytokine receptors within the central nervous system are activated by both peripherally and centrally synthesized cytokines 69 . Low doses of lipopolysaccharide or interleukin 1 (IL-1) produce 'sickness behaviour' in rodents (consisting of social withdrawal and decreased exploratory and sexual behaviour), brought about by the release of pro-inflammatory cytokines such as interferon-α, tumour necrosis factor -α (TNF-α), IL-6 and IL-1β, which activate the hypothalamic-pituitary-adrenal axis and central monoamine systems 70 . Roughly 30% of individuals treated with recombinant interferons develop depression as a side effect of treatment 71 . Clinical studies examining depression-associated increases in serum cytokine concentrations have been largely inconsistent 70 . This suggests that immune activation is a signature of a small subset of depression cases, including those associated with autoimmune conditions such as rheuma toid arthritis, in which heightened system-wide inflammation can increase the risk of acute coronary events 4 in addition to producing depressive mood changes.
Administration of cytokines such as interferon-α or IL-6 to rodents does not cause consistent depression-like features 70 . Nevertheless, recent preclinical studies indicate that blocking pro-inflammatory cytokinemediated signalling can produce antidepressant effects. Mice with targeted deletions of the gene encoding IL-6 (ref. 72) or those enco ding the TNF-α receptors 73 show antidepressant-like behavioural phenotypes, and a centrally administered antagonist of the IL-1β receptor reversed the behavioural and antineurogenic effects of chronic stress 74 . Future studies of the 'cytokine hypothesis' must focus on elucidating the largely unknown neural circuitry involved in the behavioural effects of cytokines, and must more precisely delineate the intercellular interactions involved between brain macrophages (microglia), glia and neurons within this circuitry.
Epigenetic mechanisms
Among the several methods by which experience can produce longlasting changes in protein availability and function, there has been considerable recent interest in epigenetic modifications in the pathophysiology of depression and antidepressant action. These modifications (Fig. 3) encompass covalent changes to DNA (for example, DNA methylation) and post-translational modifications of histone N-terminal tails (for example, acetylation and methylation), as well as non-transcriptional gene-silencing mechanisms (for example, microRNAs) 75 . Given that these changes can be long-lasting, epigenetics has been invoked to explain several aspects of depression, including high discordance rates between monozygotic twins, individual differences among inbred rodents, the chronic relapsing nature of the illness, and the strikingly greater prevalence of depression in women 11 . In essence, epigenetic changes offer a mechanism by which environmental experiences can modify gene function in the absence of DNA sequence changes, and they might help to explain largely inconsistent genetic association studies of depression, for example by undermining the transcriptional impact of DNA sequence polymorphisms due to epigenetic modifications on those gene promoters 11 . Although epigenetic changes have been implicated in numerous psychiatric conditions 75 , the field of depression research has focused on two main chromatin-modifying processes. The first is DNA methylation (of cytosine), which seems to be important in the influence of maternal behaviour on adult emotional processing. Adult offspring of rats born to mothers with low rates of maternal licking and grooming show increased anxiety and reduced expression of glucocorticoid receptors within the hippocampus compared with offspring of mothers with high rates of maternal behaviours. This reduced expression of glucocorticoid receptors is mediated by increased methylation of the glucocorticoid receptor gene promoter (effectively repressing gene expression). This long-lasting 'molecular scar' 75 is established within the first week of life and is effectively reversed by cross-fostering 76 . Interestingly, this increase in methylation was also reversed by the infusion of trichostatin A, a histone deacetylase (HDAC) inhibitor 77 . Histone acetylation, which is associated with transcriptional activation and decondensed chromatin, seems to be a key substrate for antidepressant action 78 . Increased histone acetylation at the Bdnf promoter in the hippocampus was shown to be required for the ability of chronically administered imipramine to reverse certain deleterious effects of social defeat 79 . Moreover, HDAC inhibitors show antidepressant-like effects in the social-defeat assay and other behavioural assays 79, 80 , and efforts are underway to develop more potent agents that are designed to target specific HDACs, such as HDAC5, a class II HDAC 75, 79 . The implications of these studies come with an important anatomical caveat: although inhibiting the actions of HDAC5 in the hippocampus seems to be therapeutically advantageous 17, 80 , mice that are globally deficient in HDAC5 are more vulnerable to social defeat 81 . Similarly, although imipramine increases HDAC5 expression in the hippocampus 79 , it significantly reduces HDAC5 expression within the NAc 81 , further emphasizing the regional specificity of stress-related and antidepressantrelated plasticity.
Current knowledge of the diversity of chromatin-modifying enzymes, and techniques to detect and quantify chromatin modifications genomewide, is growing at an enormous pace. An important challenge in the clinical translation of these approaches will be to improve the technological ability to demonstrate causation by developing techniques to detect these modifications in vivo. Such techniques will allow researchers to examine, for the first time, region-specific chromatin measures associated with depression or antidepressant responses in humans.
Resilience-related research
Humans show a remarkable heterogeneity in their responses to stress and adversity: although a subset of depression cases can be causally attributed to stressful life events, these events in themselves raise only moderately the risk of developing depression 10 . In addition, reactive dysphoric states such as post-traumatic stress disorder only emerge in about 10-20% of trauma-exposed individuals 82 . Although a large body of research describes maladaptive neurobiological changes that occur after stressful exposures (such as decreased hippocampal neurogenesis and lower concentrations of BDNF, as discussed in the section 'Neurotrophins and neurogenesis'), relatively little attention has been devoted to understanding how most individuals adapt well -that is, are 'resilient' -in the face of adversity 83 . Animal models have recently been used to provide some neurobiological insight into these clinical observations. For example, by exploiting natural variations in the development of active escape in the learnedhelplessness test, stress-induced upregulation of the transcription factor ΔFOSB (a stable, truncated protein product of the Fosb gene) in the midbrain periaqueductal grey nucleus was shown to promote a resilient phenotype. This effect was mediated through downregulating expression of substance P, a neuropeptide released during stress 84 . A more recent report illustrated the role of mesolimbic dopamine-mediated signalling in emotional homeostatic mechanisms 25 . By adapting the social-defeat model 39, 79 of depression to examine the variations in response to chronic stress 85 , vulnerability to the development of social avoidance and other deleterious sequelae was shown to be mediated by the increased excitability of VTA dopamine neurons and their subsequent increased activitydependent release of BDNF onto NAc neurons. Resilient mice (which also show increased ΔFOSB concentrations 84 ) escaped this increase in VTA neuronal excitability by upregulating voltage-gated potassium channels, which functions as a molecular compensation to restore normal excitability and maintain low levels of BDNF-mediated signalling in the NAc. Other putative mechanisms of resilience have come from clinical and preclinical investigations. One involves the release of neuropeptide Y from locus coeruleus nerve terminals onto amygdala neurons, which promotes resilient behaviour 83, 86 . Interestingly, many of these studies report stable individual differences in stress responses among genetically inbred mice, strongly implicating non-genomic factors 25, 84, 87 . As these mice are housed under identical environmental conditions as well, the findings indicate the likely importance of epigenetic mechanisms during development, a possibility that now requires direct investigation.
Gene expression profiling of stress-vulnerable and stress-resilient mice revealed distinct transcriptional profiles in the VTA and NAc 19 , and similar results have been obtained in the hippocampus with related methods 88 . These findings suggest that resilient behaviour represents a distinct, active neurobiological process (not simply the absence of vulnerability) 25 . Accordingly, a comprehensive understanding of such molecular mechanisms of allostasis (ongoing efforts to maintain homeostasis) 61 has the potential to be harnessed for the development of new therapeutic agents. In these ways, the identification of antivulnerability processes will be an important alternative approach to improving knowledge about the neurobiology of stress and the pathophysiology of depression.
New insights
Although the hypotheses described here remain active areas of research, recent findings have sparked interest in neurobiological systems that were previously unexplored in depression. A dramatic example is the observation that sub-anaesthetic doses of intravenously infused ketamine (a non-competitive NMDA (N-methyl-d-aspartate) glutamate receptor antagonist and psychotomimetic) produce a rapid but transient antidepressant effect on individuals with treatment-resistant depression 89 . This effect suggests that depressive symptoms can be improved by altering the actions of glutamate, the major excitatory neurotransmitter in the brain. The antidepressant properties of ketamine have been recapitulated in animal tests of antidepressant action, such as the forced-swim test, in which the ability of ketamine to reduce immobility required intact signalling through AMPA receptors for glutamate 90 and was associated with increased concentrations of hippocampal BDNF protein 91 . Despite the limited evidence for dysfunction in specific glutamate systems in depression, the clinical effects of ketamine have inspired new lines of preclinical research to explore the underlying neural circuitry and downstream signalling, as well as to identify pre viously unidentified NMDA receptor modulators that could be targeted to achieve better side-effect profiles 92 .
In the past few years, there has also been an increased interest in examining interactions between traditional mood substrates and pathways involved in the control of feeding and metabolism 29 . MCH (melanin-concentrating hormone)-containing neurons projecting from the lateral hypothalamus to several limbic regions including NAc provide an important orexigenic (pro-appetite) signal. Global decreases in MCH-mediated signalling 93 , as well as local MCH antagonism within the NAc 94 , produce antidepressant-like responses in several rodent models, genera ting tremendous interest in the antidepressant potential of selective MCH antagonists 14 , which might also curb the weight gain associated with a subset of depression 19 . In contrast to the pro-depressant actions of MCH, other peptides such as orexin and ghrelin might have an antidepressant role, particularly during conditions of low caloric intake 95 . These and other studies illustrate the general theme that an animal's metabolic status greatly influences mood and motivation. Understanding the complex molecular interactions between peripheral metabolic signals (such as ghrelin 95 and leptin 96 ) and centrally released regulators of feeding and arousal (such as MCH, orexin, neuropeptide Y 83 and α-melanocyte-stimulating hormone 97 ) might provide new pathophysio logical and therapeutic insights into mood disorders.
Conclusion
Knowledge of the pathophysiology of depression has evolved substantially: from Galen's speculations in antiquity about an excess of black bile ('melancholia') 2, 9 to theories focused on 'psychic pain' and 'chemical imbalances' , and then to more current hypotheses that incorporate gene-environment interactions, endocrine, immunological and metabolic mediators, and cellular, molecular and epigenetic forms of plasticity. However, enormous gaps in the knowledge of depression and its treatment persist. Instead of being overwhelmed by the heterogen eity of the illness, researchers and clinicians must embrace the polysyndromic nature of depression and use a multidisciplinary approach to explore the neurobiological bases for depression's many subtypes. To improve the still-low remission rates 21 , it will be imperative to look beyond mono amine and neurotrophic mechanisms 14 and expand knowledge about antidepressant pharmacogenetics. Researchers must better understand the biological basis for the efficacy of deep brain stimulation in depression, and must explore the therapeutic possibilities of viral-mediated gene delivery, which is being applied successfully to other neuro psychiatric disorders 98 . Finally, the field must harness the full potential of preclinical studies by continuing to develop improved animal models that incorporate the powerful array of molecular and anatomical tools available today, and must follow a systems approach to the study of depression that acknowledges the powerful bidirectional interactions between peripheral organs and the brain. 
